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Arabidopsis mutants containing gene disruptions in AHAI
and AHA2, the two most highly expressed isoforms of the
Arabidopsis plasma membrane H-ATPase family, have been
isolated and characterized. Plants containing homozygous loss-
of-function mutations in either gene grew normally under lab-
oratory conditions. Transcriptome and mass spectrometric
measurements demonstrate that lack of lethality in the single
gene mutations is not associated with compensation by
increases in RNA or protein levels. Selected reaction monitoring
using synthetic heavy isotope-labeled C-terminal tryptic pep-
tides as spiked standards with a triple quadrupole mass spec-
trometer revealed increased levels of phosphorylation of a reg-
ulatory threonine residue in both isoforms in the mutants. Using
an extracellular pH assay as a measure of in vivo ATPase activity
in roots, less proton secreting activity was found in the aha2
mutant. Among 100 different growth conditions, those that
decrease the membrane potential (high external potassium) or
pH gradient (high external pH) caused a reduction in growth of
the aha2 mutant compared with wild type. Despite the normal
appearance of single mutants under ideal laboratory growth
conditions, embryos containing homozygous double mutations
are lethal, demonstrating that, as expected, this protein is abso-
lutely essential for plant cell function. In conclusion, our results
demonstrate that the two genes together perform an essential
function and that the effects of their single mutations are mostly
masked by overlapping patterns of expression and redundant
function as well as by compensation at the post-translational
level.

In animals, the sodium pump is the primary active transport
system and creates a membrane potential and sodium gradient
that are used by all ion channels and cotransporters (1, 2). In
higher plants and fungi, however, the transport of all solutes
across the plasma membrane is coupled to a proton gradient
rather than a sodium gradient. Thus, in these organisms, a
plasma membrane proton pump creates a protonmotive force
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at the plasma membrane that drives all channels and cotrans-
porters. Given the known importance of transport at the
plasma membrane for life functions, it is not surprising that
genetic studies of the sodium pump in nematodes, fruit flies,
zebrafish, and mice, as well as with the proton pump of yeast, all
conclusively demonstrate the lethal effects of loss-of-function
mutations for a gene encoding the primary active transporter
(Table 1) (3—11). In contrast, although there have been several
reports of altered growth of mutant plants containing genetic
alterations in the plasma membrane proton pump (12-17),
none of these studies have provided evidence indicating that
this enzyme performs an essential function for plant life. In this
study, we present evidence clearly demonstrating that the
plasma membrane proton pump is essential for plant growth.
We show that AHAI and AHA2 (for Arabidopsis H*-ATPase
isoforms 1 and 2), the two most highly expressed members of
the AHA gene family, perform overlapping functions that mask
the lethality in single gene loss-of-function mutants. We also
describe phenotypic screening that supports the in planta role
of the proton pump in generating a protonmotive force and
mass spectrometric methods that allow a more detailed and
quantitative analysis of the in vivo regulation of these proteins
at the post-translational level.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—Mutants
(ecotype Columbia) carrying T-DNA insertions in AHAI
(ahal-6, SALK016325; ahal—-7, SALK065288; and ahal-S8,
SALK118350) and AHA2 (aha2—-4, SALK082786, and aha2-5,
SALK022010) were obtained from the Arabidopsis Biological
Resource Center (Ohio State University) (18). Seeds were ger-
minated on plates containing half-strength M&S?® salts, 1%
(w/v) sucrose, and 0.7% (w/v) agar. Plants that were transferred
to soil/perlite mixture (Jiffy-Mix, Jiffy Products of America,
Lorrain, OH; horticultural perlite, The Schundler Co.,
Metuchen, NJ) were grown at 21 °C under constant light or
22 °C with a regime of 16 h of light/8 h of dark.

T-DNA Mutant Identification and Plant Genotyping—Plant
genomic DNA was extracted using the method of Krysan et al.
(19), with the elimination of the phenol/chloroform extraction
step. The location of the T-DNA insertion in AHAI or AHA2
was determined by sequencing PCR fragments containing the

3 The abbreviations used are: M&S, Murashige and Skoog; MS, mass spec-
trometry; HPLC, high pressure liquid chromatography; RT, reverse tran-
scription; WT, wild type; GUS, B-glucuronidase.
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TABLE 1

Loss-of-function mutations of plasma membrane P-type ATPase pump maintaining electrochemical gradients cause lethality in many

eukaryotic model organisms

Organisms Mutagen Gene Terminal phenotype Refs.
Yeast Homologous recombination PMAI (H" pump) Haploid cell lethality 3
Thale cress T-DNA insertion AHAI AHA2 double Embryonic lethality This study
AHA3 (H* pump) Male gamete lethality 4
Nematode Ethyl methane sulfonate eat-6 (Na™ /K" pump a) Lethality at a larval stage 5
Fruit fly P-element insertion ATPalpha®°® Embryonic lethality 6
Ethyl methane sulfonate ATPa** (Na™/K* pump «) 7
Zebrafish N-ethyl N-nitrosourea atplalaa’"®%® Embryonic lethality 8
Spontaneous had (Na™/K* pump «a1B1) 9
Mouse Homologous recombination Na K-ATPase a2, a3(Na* /K" pump «) Lethality at embryo and infant 10

junction of the T-DNA and plant genomic DNA. The geno-
types of plants were determined by PCR with allele-specific
primers. The sequences of the PCR primers are provided in the
supplemental material.

RNA Extraction, Quantitative RT-PCR, and Microarray
Analyses—RNA was extracted from 1-week-old seedlings with
the Plant RNeasy kit (Qiagen). For transcriptional profiling with
GeneChip Arabidopsis ATH1 Genome Array (Affymetrix), RNA
was processed using standard protocols at the Gene Expression
Center, University of Wisconsin, Madison. Transcriptome data
were normalized and analyzed with the Affymetrix GeneChip
operating software and the Robust Multichip Average
(RMA) method (20). For quantitative RT-PCR, total RNA
was extracted from 10-day-old seedlings, reverse-transcribed
(Invitrogen), and subjected to PCR using the iCycler real time
PCR system (Bio-Rad) with SYBR Premix (Takara). Sequences
of primers used for quantitative RT-PCR are provided in the
supplemental material.

Plasma Membrane Preparation—Arabidopsis seedlings were
grown in half-strength M&S liquid media as described previ-
ously (21). Two-week-old seedlings (20 g) were extracted with
50 ml of buffer (300 mm sucrose, 100 mm Tris-HCI, pH 7.6, 25
mM EDTA-Na,, 25 mm NaF, 1 mm Na,MoO,, 0.5% (w/v) poly-
vinylpyrrolidone, 1 mM phenylmethylsulfonyl fluoride, 1 ug/ml
pepstatin, 1 ug/ml E-64, 1 uM bestatin, 100 um 1,10-phenan-
throline, and 1 mM dithiothreitol), filtered through two layers of
Miracloth, and spun 80,000 X g for 50 min at 4 °C. The pellet
was resuspended in 9 ml of suspension buffer (300 mm sucrose,
10 mm Tris-HCI, pH 7.5, and 1 mm EDTA-Na,) and subjected
to two-phase separation to enrich the plasma membrane frac-
tion (22). The upper layer was spun at 80,000 X g for 50 min at
4°C, and the pellet was resuspended in 2 ml of suspension
buffer. Protein concentration was determined by the BCA assay
(Pierce).

AHA Peptide Quantitation via Mass Spectrometry—Aliquots
of 200 ul, corresponding to ~120 ug of total protein from
each plasma membrane preparation, were precipitated with
chloroform/methanol/water. Pellets were washed twice with
80% acetone and resolubilized in 7.2 M urea and 1X PhosStop
(Roche Applied Science) in 45 mmM ammonium bicarbonate, pH
8. Urea was then diluted to a final concentration of 1 M with 45
mM ammonium bicarbonate, including 1X PhosStop. Solubi-
lized proteins were reduced with 2 mm dithiothreitol and alky-
lated with 5 mm iodoacetamide. The alkylation reaction was
quenched by further addition of dithiothreitol to 2 mm and
trypsin (Promega) was added at an E:S ratio of 1:20 (6 ug).
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Digestion was quenched after 16 h by the addition of neat tri-
fluoroacetic acid to reduce the pH to ~2. Samples were desalted
and concentrated by C18 solid phase extraction using SPEC tips
(Varian) with a capacity of 200 ug. Peptides were eluted with
80% (v/v) acetonitrile, 0.5% (v/v) acetic acid in water. Acetoni-
trile was removed by vacuum centrifugation, and peptides were
reconstituted in 60 ul of 0.5% (v/v) acetic acid in water (2
pg/ul). Digests were analyzed by liquid chromatography/MS
on an LTQ-Orbitrap hybrid mass spectrometer (ThermoFisher
Scientific). HPLC was performed using an Agilent 1100 HPLC
system consisting of an isocratic pump for sample loading onto
an Agilent Zorbax C, trapping column (0.3 X 5 mm, 5-um
particles) and a nanopump for elution from the trapping col-
umn and onto an in-house built analytical column fabricated
from 360 um outer diameter X 75 wm inner diameter fused
silica packed to a length of 15 cm with 3 um of Magic C18
(Michrom) with an integrated electrospray emitter tip pulled to
a diameter of ~2 um. Peptides were gradient-eluted using a
water/acetonitrile binary solvent system, in which solvent A
was 0.1 Macetic acid in water and solvent B was 0.1 M acetic acid,
95% acetonitrile (v/v) in water. Sample loading and desalting
were performed over 20 min at a flow rate of 15 ul/min using
the isocratic HPLC pump to deliver 0.1 M acetic acid, 1% aceto-
nitrile. Following sample loading, elution was performed at 200
nl/min by increasing solvent B from 1 to 40% over 195 min, 40
to 60% over 20 min, and 60 to 100% over 5 min, after which the
stationary phases were re-equilibrated at the initial conditions
for 30 min. The LTQ-Orbitrap mass spectrometer was oper-
ated in data-dependent mode for automated simultaneous
acquisition of MS survey spectra and MS/MS spectra. MS sur-
vey spectra were acquired at 100,000 resolving power over the
m/z range 300-2000 in the Orbitrap with external mass cali-
bration. MS/MS spectra were performed on the five highest
abundance signals present in the survey scan, requiring that
they be present in the 2+ or higher charge state and that they
pass the dynamic exclusion criteria. Post-acquisition data
analysis consisted of data base searching using Mascot 2.2
(Matrix Science) and a data base composed of TAIR release 9
(downloaded on June 19, 2009) to which were added com-
mon contaminant proteins such as trypsin and human kera-
tins. The peptides identified by data base searching were
imported into Scaffold 2 (Proteome Software), which was
used to identify detected peptides with unique sequences to
discriminate between the various AHA isoforms. Two such
peptides were used to assess abundance of AHA1 and AHA2
among the three genotypes analyzed. These peptides arise from
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amino acids 407 to 420 (AHA1l, "TALTYIDSDGNWHR;
AHA?2, "TALTYIDGSGNWHR ") and amino acids 471 to 490
(AHA1, *ESPGGPWEFVGLLPLFDPPR~; AHA2, "ESPGAP-
WEFVGLLPLFDPPR ™). AHA1 and AHA?2 protein abundance
was determined by calculating the area of extracted ion chro-
matograms of the isoform-specific peptides from the different
plants using the Xcalibur Qual Browser software (Ther-
moFisher Scientific). A total of four replicate analyses was per-
formed for each genotype.

Selective Reaction Monitoring Mass Spectrometry Analysis—
Total proteins from enriched plasma membrane samples (wild
type, ahal-6, aha2-4) were isolated from the supernatant
using a methanol/chloroform/water extraction as described
previously (23). Precipitated proteins were solubilized in 8 m
urea containing phosphatase inhibitor mixture (1X PhosStop,
Roche Applied Science). Samples were diluted to 1 M urea, and
a BCA protein assay was performed to determine protein con-
centration. Samples were then diluted to contain 1 mg/ml total
protein concentration. Disulfide bonds were reduced using
dithiothreitol (5 mm, 30 min), alkylated with iodoacetamide (15
mu, 30 min), and protein-digested using trypsin (1:100 trypsin
to protein ratio, 37 °C, overnight). Resulting peptide samples
were acidified (0.1% trifluoroacetic acid) and concentrated
using a solid phase extraction procedure (C18 SepPak, Waters).

Trypsin-digested plasma membrane samples were utilized
for creating standard calibration curves for each of the four
peptides of interest: AHA1 Thr-948, AHA1 pThr-948, AHA2
Thr-947, and AHA2 pThr-947. Isotope-labeled leucine (*>C)
peptides were synthesized for each peptide of interest and
added to each of the biological samples so that the final concen-
tration of the labeled peptides was 100 amol to 100 fmol per ul.
Samples were loaded (2 ug) onto the Agilent Phospho-CHiP.
The Agilent Phospho-CHiP consisted of a TiO, enrichment
column sandwiched between two reverse phase C18 columns.
This allowed both phosphorylated peptides and nonphosphor-
ylated peptides to be trapped and eluted separately. Trapping,
enrichment, and analysis were performed on an Agilent 1200
HPLC system, consisting of a loading capillary pump operating
at4 ul/min flow and a nanoflow pump operating at 300 nl/min.
Peptides were trapped at 4 ul/min using 100% solvent A (0.6%
acetic acid and 2% formic acid in 2% acetonitrile). The sample
was retained on the first reverse phase C18 enrichment column.
After switching the enrichment columns in line, all peptides
were eluted off the first C18 enrichment column by gradient
elution. All peptides were then eluted off the first C18 enrich-
ment column by gradient elution. Phosphorylated peptides
bound to the TiO, section, whereas all other peptides with no
TiO, affinity were transferred to the C18 separation column.
Analysis was performed subsequently with a nanoflow analyti-
cal pump gradient from 5 to 70% solvent B (100% acetonitrile,
0.6% acetic acid, 0.5% formic acid) over 40 min at 300 nl/min.
Elution of phosphorylated peptides from the TiO, section to
the C18 section was then achieved by injection of 15 ul of elu-
tion buffer, pH 9.0 (Phospho-CHiP-Kit, Agilent Technologies).
Analysis of the eluted (phosphorylated) peptides was per-
formed by switching the precolumn to be in line with the ana-
lytical column for a second H,O/acetonitrile gradient. Imme-
diately afterward, an injection of 4 ul of regeneration solution
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(Phospho-CHIP kit, Agilent Technologies) was performed to
wash and re-equilibrate the TiO, precolumn.

Doubly charged parent ions and at least three to four singly
charged fragment y-ions from each of the four peptides of inter-
est were monitored using selective reaction monitoring on the
Agilent 6460-QQQ. All data were acquired with a Q1 resolu-
tion of 0.7 atomic mass unit and Q3 resolution of 1.2 atomic
mass units with each transition monitored with a dwell time of
20 ms. The RF-only q2 collision cell was pressurized with nitro-
gen gas. All plasma membrane samples were analyzed a mini-
mum of three times with isotope-labeled internal standard
added from 100 amol to 100 fmol levels in each analysis.

Peptide responses of both the endogenous peptides and the
isotope-labeled internal standards were determined by the area
under the curve of the total ion current. Calibration curves were
produced by plotting the ion intensity of the isotope-labeled
internal standard peptide versus the amount of synthetic stand-
ard present, and endogenous peptide levels were determined by
comparison with the standard calibration curve. Average con-
centrations were calculated across technical replicates and
standard deviations produced. Coefficients of variance were
calculated by taking the ratio of the standard deviation of pep-
tide signal over the technical replicates to the average of the
peptide concentration. Coefficients of variance are represented
as percentages. Statistically significant differences in peptide
levels were determined using a two-tailed Student’s ¢ test
assuming unequal variance.

Microscopy and Staining—To visualize the frequency of
aborted seed development, fully elongated green siliques of
wild type or mutant plants were harvested, manually opened,
and viewed using a Nikon SMZ1500 stereomicroscope. Images
were captured using a Spot Insight color digital camera (Diag-
nostic Instruments, Inc.). Developing seeds from ahal-6/
ahal-6;AHA2/aha2-4 and AHAIl/ahal-6;aha2—4/aha2—4
plants were fixed in 2% glutaraldehyde, dehydrated in ethanol
series, and embedded in LR White. Sections were stained with
1% toluidine Blue.

B-Glucuronidase (GUS) Reporter Assay—A 3.5-kb DNA
fragment containing the AHAI promoter region and the first
exon (14 amino acids) was PCR-amplified and cloned into
pCAMBIA1301 at the EcoRI and Ncol sites to generate an
AHA1I promoter-GUS fusion construct. Plants carrying this
transcriptional reporter were generated via Agrobacterium-
mediated transformation (strain GV3101) described in Ref. 24.
Multiple transgenic plants were subjected to GUS immuno-
blotting to verify the production of GUS protein. T2 plants
homozygous for a single insertion of the transgene were se-
lected and used for GUS assay. Siliques of various developmen-
tal stages were harvested and incubated at 37 °C for 16 h in the
following reaction mixture: 50 mm sodium phosphate buffer,
pH 7.2, 0.2% Triton X-100, 2 mm potassium ferrocyanide, 2 mm
potassium ferricyanide, 15% methanol, and 2 mm 5-bromo-4-
chloro-3-indolyl- B3-p-glucuronic acid. The stained tissues were
subjected to washing with a series of ethanol concentrations,
fixation, embedding, and sectioning.

Molecular Complementation—A 9.9-kb genomic DNA frag-
ment containing the AHA I promoter region (3377 bp), AHAI,
and 1100 bp downstream from the stop codon was amplified by
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PCR from BAC clone F19F24 (the Arabidopsis Biological
Resource Center), using the following primers: 5'-GCCCT-
CGCTATATTGATGTCAG-3' and 5'-CTTTGGACGTGA-
CTCGCAGA-3'. The PCR fragment was first cloned into the
pCR2.1 vector with TA cloning (Invitrogen) and then sub-
cloned into the pCAMBIA1200 binary vector, which confers
hygromycin resistance as the plant selection marker, at the
Sall and Sacl restriction sites. The resulting plasmid was
used to introduce into ahal-6/ahal-6;AHA2/aha2-4 plants
as describe above. Transgenic seedlings were selected on
M&S plates containing 25 pg/ml hygromycin. Hyg® ahal-6;
aha2-4 homozygous double mutant plants whose embryonic
lethality was complemented by the presence of an AHA I trans-
gene were identified using PCR with locus-specific primers.
Primers used to identify the endogenous AHAI allele were 5'-
CGACGAATGATCTAATCACAAGC-3" and 5'-CAAAGTC-
CGGTTAAGGGTATTTC-3', and those used to identify the
AHAI transgene were 5-TGTAAAACGACGGCCA-
GTG-3"and 5'-TCATGTGATTTCTTGCCATC-3'. For com-
plementation with the AHA2 transgene, a 10-kb genomic DNA
fragment containing the AHA2 promoter region (4337 bp),
AHA2, and 586-bp downstream from the stop codon was
obtained by Pmll-digesting BAC clone FIN11. The resulting
DNA fragment was cloned into pCR2.1 at the EcoRV site and
again subcloned into the pPCAMBIA1200 at the Sall and Sacl
sites. The resulting plasmid was introduced into AHA1/ahal—
6;aha2—4/aha2-4 plants as described previously. Comple-
mented plants were identified as described above. Primers used
to identify the AHA2 transgene were 5'-CATGTTGGCAAGC-
TGCTC-3" and 5'-AAATTAGCAGGCGCATGT-3'.

Site-directed Mutagenesis—A restriction enzyme site Xbal
was introduced to AHA2 via the QuikChange II XL system
(Stratagene) using the following pair of primers: 5'-CGGTTT-
ACGCCAATCTAGAGGAATTTGCAAAG-3" and 5'-CTTT-
GCAAATTCCTCTAGATTGGCGTAAACCG-3'. This inser-
tion resulted in a mutation at the Trp-807 to Leu-Glu. Into the
Xbal site, green fluorescent protein gene was inserted to create
putative an AHA2-GFP translational fusion protein with a
molecular mass, ~125 kDa. The AHA2-GFP fusion construct
was transformed to the mutant plants via Agrobacterium as
described above.

Root Growth Phenotyping—Seeds were germinated on verti-
cally positioned half-strength M&S plates for 3 days. Seedlings
were transferred to the media supplemented with additives
and grown for 4 days. During the entire course of experi-
ments, seedlings were grown under continuous light (25
wmol m~2 s ). Root growth was quantified with the Image]
software (www.nih.gov). Root growth results shown in Fig. 4 are
one representative of triplicate analyses with each containing
14 seedlings. Growth conditions used for screening root phe-
notypes are provided in the supplemental material.

Extracellular Acidification Assay—A five-day-old single
seedling were incubated in 250 ul of %4 strength M&S media
(pH 6.2, unbuffered), including 1% sucrose and 30 ug/ml fluo-
rescein isothiocyanate/dextran (M, 10,000, Sigma) for 16 h.
Fluorescent emission was detected at 535 nm with excitation
at 485 nm, using a microplate reader (Tecan SpectraFluor
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Plus). Media pH were calibrated by a standard curve with a
range from 5.0 to 6.6.

RESULTS

Isolation and Molecular Characterization of A. thaliana
Mutant Plants Containing AHA1 and AHA2 Gene Disruptions—
The Arabidopsis genome carries 11 similar but discrete mem-
bers of the plasma membrane proton pump family (AHAI-11,
for Arabidopsis H*-ATPase isoforms 1-11). The AHAs are a
subfamily of the P-type ATPase superfamily, which has 46
members in Arabidopsis, and the other members transport spe-
cific solutes other than protons (25). Thus, only the 11 AHA
isoforms appear to catalyze the ATP-dependent active efflux of
protons across the plasma membrane, resulting in a protonmo-
tive force composed of both a membrane potential with inside
negative values of —140 to —210 mV (26, 27), and a pH gradient
generated by apoplastic pH 5- 6 and cytoplasmic pH 7.5. There
are no genes in Arabidopsis encoding a sodium pump, or any
other known primary active transport system, suggesting that
members of the AHA family satisfy all of the primary active
transport requirements of this organism. Transcriptome anal-
ysis of the 11 AHA members based on hybridization to DNA
chips or the number of expressed sequence tags reflecting
mRNA abundances indicates that AHA1 and AHA2 are by far
the most highly expressed members of this family throughout
plant life (Fig. 1, A and B). In addition, when the 11 protein
sequences are compared for sequence similarities via a phylo-
genetic tree, it is clear that AHA1 and AHA2 are the most
closely related of all the members, suggesting that they arose
from the recent duplication of a common ancestor (Fig. 1A4).
Expression studies with AHA3 suggest that this enzyme plays a
role in phloem transport, but because homozygous AHA3
knock-out mutant plants are male-sterile, there is no clear
genetic evidence of a critical role for AHA3 in vegetative growth
(4). Genetic and expression studies with AHA4 and -10 suggest
that they play roles in salt stress tolerance and seed coat pig-
mentation, but again, genetic evidence for an essential function
is lacking (15, 16).

To critically test whether AHA1 or AHA2 proteins are essen-
tial, we examined the growth of various insertional mutant alle-
les of each gene using available T-DNA collections. All of the
mutants used in this study were obtained from the Salk Collec-
tion in the Columbia ecotype, and sequence analysis of the
T-DNA/plant genomic DNA junction demonstrated that the
insertion occurred either within an intron (ahal-6, ahal-S8,
aha2-4, and aha2-5) or within an exon (ahal-7) (Fig. 2A).

To determine whether the insertional mutations resulted in
growth alterations, mutants were selfed, and homozygous
plants lacking wild type copies of either AHAI or AHA2 genes
were obtained. Growth measurements under ideal laboratory
conditions revealed no growth defect in ahal or aha2 mutant
plants. To determine how severe the insertions were at the level
of gene expression, AHA1 and AHA2 RNA abundances were
quantified via various methods, including microarray and
quantitative RT-PCR (Fig. 2). The results of these experiments
demonstrated that ahal-6 and ahal—8 mutants carry knock-
down AHA alleles, and the aha -7 mutant appears to express
a truncated AHA transcript whose abundance at the post-in-
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FIGURE 1. Phylogenetic and expression analyses of 11 AHA members.
A, phylogenetic tree and expression level of AHA members based on microar-
ray and expression sequence tag analyses. Protein sequences were aligned
by an algorithm, ClustalV (PAM250), provided by Megalign (Lasergene,
DNASTAR, Inc., Madison, WI). Bootstrap values (%) obtained by resampling
1000 times were indicated at the branches of the tree. n.a., not available. ¢,
data were obtained on line. B, developmental expression study of AHA mem-
bers with Genevestigator. Data were obtained on line.

sertion region was below the detection threshold. Although
ahal-7 lacks the AHA full-length transcript, we were unable
to determine whether its predicted protein that is truncated
adjacent to amino acid 739 within the M7-MS8 extracellular
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loop has catalytic activity. AHA2 expression in the aha2-4 and
aha2-5 mutants was reduced by 90-95% in both cases, com-
pared with wild type plants. In addition, these studies demon-
strated that in all of the insertional mutant plants showing
reduced AHAI or -2 levels, there was no compensation ob-
served at the transcript level. In other words, reduced levels of
AHAI or AHA2 did not result in increased levels of any other
AHA isoform (Fig. 2, B and C).

To determine whether compensation was occurring at the
translational level, protein abundance was analyzed via mass
spectrometric approaches. Plants were grown and plasma
membranes were isolated from wild type, ahal-6 and aha2-4
mutants. After trypsinization, peptides were subjected to anal-
ysis on an ESI-LTQ-Orbitrap tandem mass spectrometer.
Because AHA1 and AHA?2 are very conserved at the amino acid
sequence level (94.4% identity), it was essential to identify and
quantify the tryptic peptides with isoform-specific peptide
sequences. Two tryptic peptides, from amino acid 407 to 420
and 471 to 490, in AHA1 and AHA2 were particularly inform-
ative in this regard. As shown in Fig. 2, D and E, by quantifying
the relative intensity of these peptide ions in the extracted chro-
matogram, we were able to determine that, consistent with the
mRNA studies, the mutants have reduced levels of AHAI or
AHAZ2 proteins. In addition, the mass spectrometric measure-
ments demonstrated that there were no increases in the AHA2
protein nor any other AHA isoforms in the ahal-6 mutants
and vice versa, i.e. there was no compensation occurring at the
translational level in the ahal-6 or aha2-4 mutants.

It is well established that protein kinase-mediated phos-
phorylation of the penultimate threonine in the plasma
membrane proton pump can result in a hyperactive enzyme,
with increased catalytic activity (28). We thus sought a method
to measure the stoichiometry of phosphorylation for AHA1
and AHA2 at this residue, to determine whether the homozy-
gous mutant plants were compensating for the loss of one of
the isoforms by an increase in the level of phosphorylation of
the other, and/or of the small amount of residual ATPase
remaining in the insertional mutants. For this purpose, we
chose a highly sensitive and quantitative method, selected reac-
tion monitoring, with heavy isotope synthetic peptides directed
against a C-terminal tryptic fragment as follows: AHAI,
*GLDIDTAGHHYTV ; AHA2, "GLDIDTAGHYTV . Heavy
isotope-labeled peptides with and without phosphorylation at
AHA1 Thr-948 or AHA2 Thr-947 were synthesized and used as
internal standards for absolute quantitation of the C-terminal
tryptic peptide from both AHA1 and AHA2 with a triple qua-
drupole mass spectrometer. By inferring the abundance of
AHA1 and AHA?2 proteins as the sum of phosphorylated and
unphosphorylated forms of the C-terminal peptides, we con-
firmed our earlier result of untargeted analysis with the LTQ-
Orbitrap mass spectrometer that there was no compensation at
the translational level observed in the ahal-6 or aha2-4
mutants. With the targeted analysis, however, we observed sig-
nificant increases in AHA1 phosphorylation level of the resid-
ual AHA1 protein in ahal-6 mutants (Fig. 2F). Similarly,
AHA?2 phosphorylation level of the residual AHA2 protein was
increased in aha2-4 mutant. There were also small increases in
the phosphorylation of AHA1 protein in aha2—4 mutant as
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FIGURE 2. Molecular characterization of loss-of-function mutants of AHA1 and AHA2. A, description of the T-DNA insertional alleles of AHAT and AHA2.
Black boxes represent exons. Vertical lines indicate the location of T-DNAs. ahal-6, SALK016325; ahal-7, SALK065288; ahal-8, SALK118350; aha2-4,
SALK082786; and aha2-5,SALK022010. B, quantitative RT-PCR of AHAT and AHA2 in wild type (WT), ahal-6,and aha2-4 mutants. C, transcript signal intensities
of the 11 AHA members in WT, aha1-6, and aha2-4 mutants determined by microarray analyses. Graph shows mean values with S.D. D and E, AHAT and AHA2
protein abundances in WT, ahal-6, and aha2-4 plants. Isoform-specific polypeptides (the amino acid position 407-420 and 471-490) were determined by
quantifying the peak areas of the peptide ions found in the total ion chromatogram of mass spectrometric analyses. Data are shown as means = S.E. of three
separate measurements. , selective reaction monitoring mass spectrometry analysis for AHA1 and -2 C-terminal peptides of nonphosphorylated and phos-
phorylated forms. Proportion of AHA1 phosphopeptide Thr(P)-948 and AHA2 phosphopeptide Thr(P)-947 was quantified and shown = S.D. Col WT, wild type

plant of A. thaliana, ecotype Columbia.

well as in that of AHA2 protein in ahal—6 mutant. Our results
are consistent with an increase in kinase-mediated phosphory-
lation of the penultimate Thr residue behaving as a post-trans-
lational means of compensating for the loss of AHA proteins.
Although the trends were clear, the errors associated with the
measurements do not allow a clear estimate of the degree of
compensation attained.

Simultaneous Disruption of both AHAI and AHA2 Genesina
Single Plant Is Lethal—T o obtain a single plant containing both
AHA1 and AHA2 gene disruptions, various ahal and aha?2
mutants were crossed, and seeds resulting from the dihybrid
plants were selfed. Progeny from this population was then
examined to determine whether any plants lacking both AHA 1
and 2 wild type alleles could be obtained. As shown in Table 2,
with three different pairs of mutants crossed (i.e. ahal-6 and
aha2-4; ahal-7 and aha2-5; and ahal-8 and aha2-5), a
homozygous double mutant was never recovered in the prog-
eny, suggesting that the double mutation was lethal at some
point during gametogenesis or embryogenesis.
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TABLE 2
Plant lines segregating ahal and aha2 mutant alleles failed to
produce homozygous double mutants

The genotypes of progeny from AHAI''“AHA2"'~ mutants were determined
using a PCR-based method.

No. of No. of No. of
Parent genotype rogen homozygous homozygous
g gnog Z d double mutants double mutants
genotyp observed expected
AHA1/ahal-6 AHA2/aha2—4 243 0 15
AHA1/ahal-7 AHA2/aha2-5 52 0 3
AHA1/ahal-8 AHA2/aha2-5 55 0 3

To identify the developmental stage first affected by the dou-
ble mutant condition, we analyzed the segregation pattern of
the ahal-6 allele from plants homozygous for the aha2—4
mutations and heterozygous for the ahal—6 mutation. The
observed ratios of progeny allele frequencies were subjected to
the x> test to examine whether our hypothesis for embryonic
lethality in the homozygous double mutants is statistically sup-
ported. The results indicate that lethality is likely to occur dur-
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TABLE 3

Progeny of AHA1/aha1-6 aha2-4/aha2-4 and ahal-6/aha1-6 AHA2/aha2-4 parents

The genotypes of F3 progeny were determined by PCR. Ob. indicates the number of individuals observed; Ex. 1 indicates the expected number based on Mendelian
inheritance. Ex. 2 indicates the expected number when the homozygous double mutant plants are not viable due to lethality during embryogenesis. Ex. 3 indicates the
expected number when the double mutant plants are not viable due to lethality during gametogenesis. x * test was used to determine the probability of which the deviation

of the observed value from the expected value was due to chance.

Parent genotype Progeny genotype Ob. Ex. 1 Ex.2 Ex.3

AHA1/ahal—-6 aha2-4/aha2—4 AHAI1/AHAI aha2-4/aha2—4 28 20.5 27.3 41
AHA1/ahal—-6 aha2—4/aha2—4 54 41 54.7 41
ahal-6/ahal—-6 aha2-4/aha2—4 0 20.5 0 0

p < 0.001 p>095 p <001
ahal-6/ahal-6 AHA2/aha2—4 ahal-6/ahal-6 AHA2/AHA2 13 10.5 14 21
ahal-6/ahal-6 AHA2/aha2—4 29 21 28 21
ahal-6/ahal-6 aha2—4/aha2-4 0 10.5 0 0

» <0.001 »p>095 p <0.05

TABLE 4

Gametophytic transmission of aha1-6 and aha2-4 alleles determined by reciprocal crosses

Two sets of reciprocal crosses were performed to examine the transmission of ahal— 6 aha2—4 double mutations through the male or female gametes. The mutant parents
are AHA1/ahal-6 aha2—4/aha2—4 or ahal-6/ahal-6 AHA2/aha2-4, and the other parent is wild type (AHAI/AHA1 AHA2/AHA?2).

Female parent genotype Male parent genotype Progeny genotype
AHA1/AHA1 AHA2/aha2-4 AHA1/ahal-6 AHA2/aha2-4
AHA1/ahal—-6 aha2—4/aha2—4 AHAI/AHA1 AHA2/AHA2 24 29
AHAI/AHAI AHA2/AHA2 AHA1/ahal-6 aha2-4/aha2—4 18 14
AHA1/ahal-6 AHA2/AHA2 AHA1/ahal-6 AHA2/aha2-4
ahal—6/ahal-6 AHA2/aha2—4 AHAI/AHA1 AHA2/AHA2 14 14
AHAI/AHAI AHA2/AHA2 ahal—6/ahal-6 AHA2/aha2-4 13 15

ing embryo development rather than during gamete develop-
ment (Table 3). A similar result was obtained in reciprocal
experiments testing the aha2-4 allele segregation pattern
from double mutants homozygous for the ahal— 6 mutation
and heterozygous for the aha2-4 mutation. We also analyzed
the transmission efficiencies of the insertional mutant alleles
through the male and female gametes. We performed two
sets of reciprocal crosses between wild type plants and plants
heterozygous for one AHA insertion allele and homozygous
for the other. In the subsequent progeny, we observed nor-
mal transmission efficiencies of the ahal-6 and aha2-4
mutations through both pollen and ovule, indicating that the
double mutations do not affect female or male gametogene-
sis (Table 4).

In the course of our experiments, we observed aborted devel-
oping seeds within the siliques of self-pollinated flowers from
the double mutant plants that carry only one wild type copy of
either AHA1 or AHA2. The aborted seeds were randomly dis-
tributed and accounted for approximately one-quarter of the
total number of seeds within the silique (Fig. 3, A-D). Wild type
plants or either ahal- 6 or aha2-4 single mutants grown in the
same environment rarely showed aborted seeds within their
siliques. To investigate early seed abortion in putative homozy-
gous double mutants, we microscopically examined thin tissue
sections of developing seeds from self-pollinated plants that are
homozygous mutants at the AHAI locus and heterozygous
mutants at the AHA2 locus. Whereas ~75% of the seeds within
the analyzed siliques contained embryos at the globular heart
transition stage, the remaining 25% contained embryos
arrested at the pre-globular stage (Fig. 3, E-I). We hypothesized
that these arrested embryos are the nonviable homozygous
double mutants. The same results were observed with recipro-
cal sets of double mutants.

To test whether there is a causal link between the homozy-
gous double mutant genotype and the lethal phenotype, we car-
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ried out molecular complementation. A 10-kb genomic DNA
fragment, including the AHAI gene and the entire regulatory
region, was introduced into double mutant plants that lack wild
type copies of the AHAI gene. A total of 184 independently
transformed plants (T1) were recovered and further screened.
We obtained 11 homozygous double mutant plants carrying
wild type AHA I transgenes among the T1 population (Table 5).
Genotyping of the T2 progeny resulting from self-fertiliza-
tion of the rescued lines confirmed the existence of plants
homozygous for the ahal—6 and aha2-4 alleles that are via-
ble due to the presence of the AHAI transgene. Similar
results were obtained when we transformed double mutant
plants that lack wild type copies of the AHA2 gene with a
genomic DNA fragment, including the AHA2 gene and regula-
tory region (Table 5).

Our successful complementation of the double mutants
with either AHA1 or AHA?2 transgenes provides us a system
for further investigating the structure-function relationship
of AHA proteins. The double mutant plants whose endoge-
nous AHAI and AHA?2 genes are replaced with tagged trans-
genes would be useful for analyzing AHA protein localiza-
tion and post-translational modifications. To explore a
potential site for inserting a tag within AHA2 protein, we
created a point mutation in this transgene. To avoid generat-
ing mutations within the activity regulatory domains at the N-
or C-terminal ends (29), the M9 -M10 extracellular loop was
chosen as a target site. A mutation was created to introduce a
restriction enzyme (Xbal) site for cloning purposes at the
amino acid Trp-807 position, which converts this residue into a
dimer, Leu-Glu (W807L/W807E mutation). This AHA2 trans-
gene carrying the W807L/W807E mutation successfully res-
cued the embryo lethality of the homozygous double mutants
(Table 5), and the rescued plants appeared to be normal, sug-
gesting this single amino acid insertion at the loop does not
influence the AHAZ2 catalytic activity. Next, we transformed the
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FIGURE 3. Seed developments in the double mutants and AHA1 and AHA2 promoter activity. A, phenotype of seed development in WT viewed under a
stereomicroscope. B, immature siliques of ahal-6/ahal-6 AHA2/aha2-4 plants containing empty spaces. C, immature siliques of AHA1/ahal-6 aha2-4/
aha2-4 plants containing empty spaces. D, magnified view of an aborted seed in a silique of ahal-6/ahal-6 AHA2/aha2-4 plant. E, percentage of developing
seeds from the double mutants compared with WT or the AHA single mutant plants. Bars indicate S.E. F, normal growing embryo from self-pollinated
ahal-6/ahal-6 AHA2/aha2-4 plants. G, arrested embryos from the same silique as in F. H, normal growing embryo from self-pollinated AHA1/aha1-6
aha2-4/aha2-4 plants. |, arrested embryos from the same silique as in H. Scale bar, 20 um. J-N, GUS staining in embryos for AHAT promoter activity. J,
developing seed; K, 8-cell stage; L, early globular stage; M, late globular stage; N, heart stage. Scale bar, 20 um. O, GUS staining in developing seed for AHA2

promoter activity. Scale bar, 10 um. E; embryo.

double mutants with the AHA2 transgene that carries green
fluorescent protein as an in-frame insertion at this Trp-807
position to produce an ~125-kDa AHA2-GFP fusion pump
protein; however, no rescued homozygous double mutants
were recovered from the transgenic population, suggesting that
this modified AHA2(W807GEFP) transgene did not comple-
ment the embryo lethality and that the AHA2 protein confor-
mation was unlikely to be able to tolerate a large polypeptide
insertion at this extracellular location.

The fact that the ahal aha2 homozygous double mutant
embryos failed to develop properly indicates that AHAI and
AHA2 are transcriptionally active during embryogenesis. To
test this prediction, we studied AHAI and AHA2 promoter
activities using a GUS reporter gene assay. Plants carrying a
3.4-kb AHA I promoter or a 3.2-kb AHA2 promoter region and
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the first exon fused with GUS were generated and assayed for
GUS activity. Histochemical staining for GUS activity indicates
that the AHAI promoter is active on the surface of developing
seeds and from 8- to 16-cell stages to the heart stage of embryo
development (Fig. 3, J-N). In contrast, GUS staining for the
AHA2 promoter activity was observed much lower than the
AHA1I promoter on the surface of developing seeds (Fig. 30)
and was detected up to the early globular stage of embryo
development.

Growth of Wild Type and AHA Mutants under a Large Num-
ber of Environmental Challenges—The fact that the homozy-
gous double mutants are embryo-lethal supports the hypothe-
sis that, collectively, the two genes perform an essential
function. Their roles in vegetative growth, however, remain to
be determined. To investigate the functions of AHAI and -2
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TABLE 5

Molecular complementation of aha1-6/aha1-6;aha2-4/aha2-4
plants with wild type or modified transgenes of AHAT or AHA2

% of rescued
plants in
T1 population”

5.98% (n = 184)

% of rescued
plants® in
T2 population

21.4% (n = 42)

16.7% (n = 42)

15.4% (n = 39)

23.3% (1 = 30)

20.0% (1 = 30)

15.3% (n = 32)
0% (n = 30)
0% (n = 30)

“ Numbers in parentheses indicate total numbers of transformed plants that were
PCR-genotyped.

© T2 progeny of two independently transformed lines from AHA 1/ahal- 6;aha2—4/
aha2-4 or ahal-6/ahal-6,AHA2/aha2-4 plants carrying transgenes were
genotyped to identify rescued plants.

¢ ahal-6/ahal-6;AHA2/aha2-4 plants were transformed with wild type AHA1
gene.

? AHA1/ahal- 6;aha2—4/aha2-4 plants were transformed with wild type AHA2
gene.

¢ AHA2 genomic clone with a mutation of Trp-807 to Leu-Glu to create an Xbal
restriction enzyme site.

/ AHA2 genomic clone with a translational fusion to green fluorescent protein that is
inserted at the Trp-807.

Transgene

Wild type AHA1 genomic clone®
Wild type AHA2 genomic clone?  5.56% (1 = 90)
AHA2(W807LE)® 4.3% (n = 23)

AHA2(W807GEPY 0% (n = 82)

during vegetative growth, we grew akhal and aha2 homozygous
single mutants under >100 different environmental conditions
(supplemental material). Although there are many different
growth/developmental analyses one could make, we chose to
measure root length because this can be done quantitatively
under a large number of conditions. The list of environmental
challenges was chosen based on known or suspected functions
of the pump. For example, a role of the pump in auxin-mediated
cell elongation has long been considered important for mecha-
nistic models of plant cell elongation. Thus, studies were per-
formed with ahal and aha2 mutant plants grown in the pres-
ence of various concentrations of added auxin and other
hormones. Surprisingly, in root elongation assays, only a few
out of over 100 conditions elicited a difference between wild
type and mutant plants. Notably, none of the known phytohor-
mones (gibberellic acid, abscisic acid, kinetin, ethylene (1-ami-
nocyclopropane-1-carboxylic acid), and iodole-3-acetic acid)
nor plant growth regulators (brassinolide and jasmonate) pro-
duced a difference in root growth among the three genotypes.
Of all the many changes to the medium, the only two in which
the mutants fared worse than wild type were those expected to
alter the protonmotive force across the plasma membrane (a
high external potassium concentration and high external pH)
(Fig. 4A). As shown in Fig. 4, B and C, the effect of potassium
was only observed at concentrations =50 mm and was specific
for potassium because neither sodium chloride nor sorbitol
produced a differential effect on root growth of the two
mutants. It is well known that high concentrations of potassium
cause a decrease in membrane potential (26), which is not elic-
ited by high concentrations of less permeable cations like
sodium or with neutral solutes like sorbitol, which also elimi-
nates an effect of osmotic response because all three com-
pounds (potassium, sodium and sorbitol) are capable of causing
osmotic stresses. Similarly, it is likely that at high external pH,
the protonmotive force is compromised because there is a 100-
fold decrease in proton concentration going from pH 6.0 to 8.0
in the external medium. It is likely that both the potassium-
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induced decrease in membrane potential and the alkaline exter-
nal pH exerted stresses on the ability of the proton pump to
maintain a sufficient protonmotive force to support growth,
which could not be overcome in the AHA-impaired mutants. In
all cases, the phenotypic differences are more pronounced in
the aha2 mutants, which is consistent with the greater impair-
ment in pump mRNA and protein levels found in these
mutants, and in the greater importance that this isoform is
likely to have in roots, given its pattern of expression (30).

It is interesting to note that the only other environmental
conditions that elicited a difference between genotypes were
the additions of a variety of toxic cations. In all of these cases,
there was a marked advantage in growth in the mutants, com-
pared with the wild type. This phenomenon was observed with
aminoglucoside antibiotics, including hygromycin and gen-
tamicin, and with alkali metal ions, including lithium and
cesium, and is consistent with the reduced uptake of a toxic
compound in roots of plants containing reduced protonmotive
force (Fig. 4, D-G). Consistent with this interpretation, we
demonstrated that the hygromycin effect could be reduced by
the presence of 50 mm potassium chloride but not 50 mm
sodium chloride (Fig. 4H). In other words, when the overall
membrane potential was reduced by potassium, so that little
hygromycin was entering root cells, there was no difference
among the three genotypes. In the absence of high potassium,
however, when the membrane potential was driving hygromy-
cin transport into root cells, the aha2 mutants showed less sen-
sitivity to the toxic cation. A similar observation has been made
in yeast mutants with impaired PMA1 activity. In fact, hygro-
mycin-insensitive mutants were the first plasma membrane
proton pump mutants to be found in early work with Saccha-
romyces cerevisiae (31).

Measurements of AHAI and AHA2 Pump Activity—The
above experiments demonstrate the growth consequences
caused by reduced proton pump activity in the aha2 and ahal
mutants, although there were no such apparent consequences
when the plants were grown under ideal laboratory conditions
without environmental challenges such as high potassium or
high external pH. In addition, although we were unable to
ascertain to what extent the increased phosphorylation status
of the penultimate threonine could compensate for loss of an
isoform, it is possible that this kinase-mediated mechanism
allows plant tissues to maintain a wild type level of pump activ-
ity in each of the single mutants. Thus, to provide a more direct
answer to the question of whether the mutant plants contain
reduced catalytic activity, we measured the bathing medium pH
during root growth. We used an indicator dye, fluorescein, to
measure and compare pH changes in root rhizosphere from the
wild type versus mutant plants. This assay has been used previ-
ously in higher plants as a measure of root surface pH (32). As
shown in Fig. 5, we observed that the aka2 mutant plant was
clearly impaired in proton-secreting activities, compared with
wild type, and that the ahal mutants appeared normal com-
pared with wild type. These results reinforce our previous dem-
onstrations that the aha2 mutants are more severe in their root
growth defects compared with akal and, more importantly, are
a direct demonstration that pump activity is impaired in aha2
mutants even under ideal laboratory conditions.
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FIGURE 4. Root growth phenotypes of aha1 and aha2 mutants in response to treatments that perturb the protonmotive force. A, high pH sensitivity of
root growth in aha2 mutant. B, high potassium sensitivity of root growth in aha2 mutant. C, dose-response effects of potassium on aha and aha2 root growth.
D, images of root growth on control, KCl, and hygromycin media. £, effects of aminoglucoside antibiotics on aha2 root growth. Hygro, 5 ug/ml hygromycin;
Gent, 10 ug/ml gentamicin; Strept, 100 wg/ml streptomycin. F, dose-response effects of hygromycin B on ahal and aha2 root growth. G, cesium and lithium
tolerance in aha2 mutant. H, suppression of hygromycin inhibitory effect by potassium. Col WT, wild type plant of A. thaliana, ecotype Columbia.

DISCUSSION

In this study, we characterize the function of the two most
highly expressed members, AHAI and AHA2, from the plasma
membrane proton pump gene family, using Arabidopsis loss-
of-function mutant plants. Our experiments demonstrate that
although there is little consequence of impairing the function of
either AHA1 or AHA2 in Arabidopsis plants grown under ideal
conditions, the loss of both genes is absolutely lethal, blocking
embryogenesis at an early stage of development. The successful
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complementation of the embryo lethality with either AHAI or
AHA?2 transgenes proves that a single copy of either gene is
equally sufficient to maintain the protonmotive force in these
plants. Unlike work in animals with the Na™/K*-ATPase where
there is a specific inhibitor available (33), there are no selec-
tive inhibitors for the plasma membrane proton pump. Thus,
the loss-of-function mutants characterized here represent use-
ful tools to investigate in planta roles of the proton pump.
Consistent with the genetic experiments performed in other
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FIGURE 5. Proton-secreting activity in roots of wild type and aha? and
aha2 mutants. Representative extracellular pH assay reflecting plasma
membrane proton pump activity. pH of bathing media was quantified with
fluorescein dye. n = 7; error bars indicate S.E. Col WT, wild type plant of A.
thaliana, ecotype Columbia.

Media pH

model organisms, our results demonstrate the prerequisite of
the plasma membrane electrochemical gradient for life.
Whereas a single gene deletion is sufficient to reveal the essen-
tial role of the primary active transport pumps in other organ-
isms (Table 1), the necessity of deleting the two pump genes in
Arabidopsis may indicate that this redundancy is a useful part
of evolutionary adaptation of the higher plants as sessile multi-
cellular organisms.

We further show that although plants harboring ahal or
aha? single gene mutations do not compensate for the loss by
increasing the expression of the other AHA members at the
RNA or protein levels, there is a post-translational compensa-
tory measure. Phosphorylation of the penultimate threonine in
the remaining AHA1 protein in the ahal mutant or that in
remaining AHA2 proteins in aha2 mutant is significantly up-
regulated. Phosphorylative compensation for the loss of one
isoform in either akhal or aha2 mutants, however, was observed
only to a small extent. Despite this increase in the level of reg-
ulatory phosphorylation, aka2 mutants contain reduced levels
of overall catalytic activity in their roots, as demonstrated
directly by measurements of proton secretion and indirectly by
impaired reaction to conditions that reduce the protonmotive
force and place strain on the ability of the cell to maintain a
sufficient driving force for transport-related growth require-
ments. The growth advantage that the aha2 mutants show over
wild type in the presence of toxic cations like hygromycin, cesium,
and lithium is also a clear indicator that the protonmotive force is
impaired. The differential phenotypic responses in the ahal and
aha2 mutants to a variety of stresses are likely due to isoform-
specific expression in root cells, because AHA2 is more highly
expressed in the root epidermal cells compared with AHAI.

Finally, we report on a method using heavy isotope-labeled
synthetic peptides corresponding to the phosphorylated and
nonphosphorylated versions of the C-terminal tryptic fragment
of the AHAsS, in which selected reaction monitoring with a tri-
ple quadrupole mass spectrometer is used to measure the stoi-
chiometry of phosphorylation of the pump. This method is
amenable to high throughput use under a range of conditions
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and, together with transgene-mediated genetic complementa-
tion studies using the double mutant lines, will provide a new
approach for understanding the in planta role played by the
plasma membrane proton pump in higher plants.
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